Protoplanets and circumplanetary disks are rather elusive in their thermal IR emission. Yet they are cornerstone to the most popular interpretations for the protoplanetary disks structures observed in the gas and dust density fields, even though alternative theories exist. The gaseous velocity field should also bear the imprint of planet-disk interactions, with non-Keplerian fine structure in the molecular line channels maps. Such wiggles are expected on global scales in the disk, and are affected by the optical depth structure and synthesis imaging limitations, but their detail could in principle be connected to the perturber by comparison with hydrodynamical simulations. These predictions may have been confirmed in HD 163296, where the most conspicuous wiggles are interpreted in terms of an embedded planet. The velocity centroid maps may allow for more robust indirect detections of embedded planets. The non-Keplerian velocity along the planetary wakes undergoes an abrupt sign reversals across the protoplanet. After subtraction of the disk rotation curve, the location of the perturber should be identifiable as a Doppler-flip in molecular line velocity centroid maps. Here we improve our rotation curves in an extension to disks with intermediate inclinations, which we apply to deep and fine angular resolution CO isotopologue datasets. Trials in HD 97048 and in HD 16396 yield non-detections. However, in HD 100546 we pick-up a conspicuous Doppler-flip. Its coincidence with the continuum ring suggests vertical and radial velocity flows as around an airfoil, and may require fast migration if due to planet-disk interactions.
1. INTRODUCTION Direct detections of protoplanets and their circum-planetary accretion disks (CPDs) are difficult in their thermal IR emission. Only one example appears to hold scrutiny (i.e. PDS70b Keppler et al. 2018 ). Yet most models for the structures observed in protoplanetary disks involve planet-disk interactions: giant planets evacuate radial gaps, launch spiral arms, and trigger crescent-shaped pile-ups of mm-grains. The gas and dust density fields are thus appealing proxies of the location and mass of embedded bodies (e.g. Dong & Fung 2017) . The planetary origin of such density structures is debated, however, as exemplified by the alternative scenarios in HL Tau and TW Hya (see Dong et al. 2018 , and references therein).
Molecular-line kinematics provide an alternative approach to the identification of protoplanets, as the gaseous velocity field also bears the imprint of planet-disk interactions.
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We have linked embedded planets with wiggle-shaped deviations from sub-Keplerian rotation in channel maps (Perez et al. 2015) . However, such wiggles are ubiquitous in channel maps and can also be due to noise or systematics from synthesis imaging, or from structure in the underlying optical depth. Hydrodynamical simulations are required to infer the location of embedded planets from the observed channel map wiggles. These predictions appear to match the data in HD 163296, where the most conspicuous wiggles are interpreted in terms of the location and mass of the perturber (Pinte et al. 2018b) . In a companion Letter (Perez et al., 2019 , ApJL, submitted -hereafter paper I) we report on another conspicuous wiggle in HD 100546.
The location of the perturbing body should be identifiable in velocity centroid maps v • ( x) = vI = dvvI v / I v dv, where I v ( x) are the molecular line channel maps as a function of line-of-sight velocity v. In hydrodynamical simulations, and typically for the disk midplane, the azimuthal velocity component after subtraction of the sub-Keplerian background flow, δv φ , is highest along the planetary wakes, and abruptly changes sign at the location of the planet (e.g. see Fig. 1 in Pérez et al. 2018 (Zhu et al. 2015) . Most of the material interacting with a giant planet falls onto the midplane from high latitudes via meridional flows (Morbidelli et al. 2014; Dong et al. 2019) , including both radial and vertical velocity components. We thus designed a technique to filter the velocity centroid image and pin-point the location of the perturber, yielding favorable predictions for 5 to 10 M jup bodies given current ALMA capabilities (Pérez et al. 2018) .
The rotation curve of a disk,ṽ φ (r) = dzdφ ρv φ / dzdφ ρ, in cylindrical coordinates, represents the mass-averaged tangential velocity in the plane of the disk as a function of radius. Among other uses in astrophysics,ṽ φ (r) allows a measure of the stellar mass in circumstellar disks. Here we are interested in building the rotation curve of protoplanetary disks with the goal of detecting deviations from azimuthal symmetry. We improve our technique by taking azimuthal averages on conical surfaces rather than in cylindrical polar coordinates.
ROTATION CURVES AND ORIENTATION OF FLARED DISKS VELOCITY CENTROID MAPS
Dynamical stellar masses and measurements ofṽ φ (r) are usually obtained with forward-modeling of molecular-line data. Parametric radiative transfer (RT) modeling of the disk density, temperature and molecular abundance fields, along with a prescribedṽ φ (r), can be compared against observations of I v ( x) (e.g. Czekala et al. 2015) . Such dynamical masses are indeed within 5-10% of independent estimates for close binaries (Rosenfeld et al. 2012; Czekala et al. 2015 Czekala et al. , 2016 . However, the derivedṽ φ (r) may not accurately reflect the details of the rotation curve, for instance because of the details in the vertical velocity structure and hydrostatic support. Teague et al. (2018) have thus measured rotation curves empirically by using the technique proposed by Pinte et al. (2018a) , who noted that the tangential velocity component can be solved for at two specific locations in the sky (for each of the near and far sides of the disk), given knowledge of disk inclination i and PA. Teague et al. (2018) extrapolate this local datum toṽ φ (r), but this method is biased for the purpose of picking-up small deviation in v • ( x), since the local empirical measurement is extrapolated to all azimuth, and may itself be noisy or perturbed from the bulk flow.
Here the measurement ofṽ φ (r) is not driven by the dynamical mass, but rather by the deviations in v • ( x) from the azimuthally-averaged backgroundṽ • ( x) =ṽ φ (r) cos(φ), where the origin of φ coincides with the disk position angle (PA, the line of nodes corresponding to the intersection of the disk and the plane of the sky). We infer the bulk flowṽ • ( x) directly from the observed velocity centroid map v • (x). Our main assumption is that the surface in the disk where the molecular line emission originates, i.e. the unit-opacity surface for optically thick lines, can be represented by a double cone. The number of free-parameters is reduced compared to forward-modeling, while including disk orientation (i, PA). Disk flaring or radial variations of the disk aspect ratio can be measured by binning the optimization in radius.
We consider three coordinates systems: S represents the sky frame, orientated with (x, y, z) Cartesian coordinates, and where y corresponds to North. S is also parallel to the sky, but its y axis coincides with the disk PA. S is the rotation of S about axisŷ by the inclination angle i, so that the z = 0 coincides with the disk midplane.
If all of the emission originates from the near side, we have a bijection between the line of sight on the sky x, and the polar coordinate of its intersection with the surface of the cone representing the disk surface (defined as the surface of unit opacity). Given a point on the cone, with an opening angle ψ above the disk midplane, and with cylindrical coordinates r, φ in S , we can compute the sky coordinates in S with the following conical transform x = f PA,i,+ψ (r, φ):
Here we use a linear law for h(r) = tan(ψ)r.
We can invert Eqs. 1 and 2 to obtain (r,
PA,i,+ψ (x , y ), by noting that r is the root of:
Having solved for r we obtain φ with
Given (PA,i, ψ) we resample the observed centroid v • ( x) with the near-side conical transform f PA,i,+ψ :
where the + sign in v •+ indicates the near-side conical surface. We then take azimuthal averages,
in discretized in polar coordinates, by fitting for the rotation curveṽ φ (r l ) in a least-squares sense with
with weights w(r l ,
If v s is not known we can fit for v s (r l ) andṽ φ (r l ) simultaneously, fix v s to the median value and its uncertainty to its standard deviation, and then recomputeṽ φ (r l ). We resample v m •+ (r, φ) with x = f PA,i,+ψ (r, φ) and rotate back to S to obtain the sky map for the azimuthally-averaged centroid, v
We optimize i, PA and ψ so as to maximize the loglikelihood function, −0.5χ 2 , with
The double sum extends over pixels in polar coordinates, within an interval in radius between r 1 and r 2 , and over all azimuths. Disk orientation may change with radius; even in the absence of warping the disk aspect ratio will vary. Passive disks are expected to be flared, but the height of the 12 CO unit opacity surface will decrease with radius, so the trend in ψ(r) is difficult to anticipate. We divide the full radial extension of the disk in M (overlapping) radial bins
, and Θ j ( x ) = 0 otherwise. We take azimuthal averages of v • ( x) in each region to produce {v
. The azimuthally averaged centroid map combined over all regions is
In the applications below, the optimal orientation for the whole radial extension is i • , PA • and ψ • , while the orientation profile is i(r), PA(r) and ψ(r).
At finite inclinations parts of the far-side will contribute to v • ( x), with a weight µ( x) that depends on the technique used to measure the velocity centroid. Including the far-side yielded small improvements in χ 2 , but complicates the interpretation of the velocity deviations, so we opted to present results with µ( x) ≡ 1 only.
APPLICATIONS 3.1. HD 100546
In a companion Letter (paper I) we report on a conspicuous wiggle in 12 CO(2-1) ALMA observations of HD 100546. We apply our velocity filter to these data. • , some of which have also been detected in the IR (Boccaletti et al. 2013; Garufi et al. 2016) .
The morphology of the flip in HD 100546 (Fig. 1) is similar to that predicted for disk-planet interactions (Pérez et al. 2018) , especially in its azimuthal extension and in the sign of the velocity deviations. Along a radius of ∼ 0.25 we find several sign oscillations, but the blue and red extrema stand out. The main blue-shifted arc extends across the disk minor axis, which can only be due to a non-Keplerian velocity component, either vertical or radial. Given that v • − v m • cancels along the disk major axis, it seems likely that the bulk velocity deviations are radial. Interestingly, at smaller radii inside of the blue arc the velocity deviations are much smaller, and do cancel along the minor axis, suggesting small azimuthal velocity deviations. HD 100546 is rotating anti-clockwise, so that the blue-shifted arc is probably infalling.
As illustrated in Fig. 1c , if the flip is due to a compact body, it is found roughly at ∼ 0.25 ± 0.5 towards a position angle of ∼ 5 ± 10 deg from the star, so embedded within the continuum ring. This cannot be reconciled with a single giant planet on a fixed orbit, or slowly migrating. Also, the pitchangle of the planetary wakes has the opposite sign from the non-migrating predictions. This puzzling configuration may perhaps be due to migration, by which the giant planet would have swept all grains in the disk into the radial pressure maximum at the edge of the cavity evacuated by the inner companion discussed in paper I.
The Doppler-flip seems to embrace the continuum structures. It is as if the local dust overdensity causing the continuum peak was rotating slower than the gas, as in an anticyclonic vortex (e.g. Zhu & Baruteau 2016) , and as the gas overtakes the dust clump is flows around it as if it were an airfoil.
Part of the flip in HD 100546 could correspond to optical depth effects related to the strong and lopsided continuum. We have tested for this possibility with RT modeling computed using the RADMC3D package (Dullemond et al. 2015) , including an exaggeratedly thick and compact clump. The largest deviations v • − v m • for the emergent 12 CO(2-1) datacube flank each side of the clump in radius, and amount to 0.1 km −1 . Biases due to optical depth effects should thus be small compared to the magnitude of the observed flip. This RT model also confirms that the disk orientation is recovered, within ∼0.2 deg for inclination.
The best fit global orientation from r 1 = 0.15 to r 2 = 0.8 is i • = 40.1 ± 0.1 deg, PA • = 140.9 ± 1.0 deg, ψ • = 8.1 ± 2.2 deg, where the errors corresponds to the standard deviation of each of the radial profile obtained by optimizing in 18 radial bins. The systemic velocity is 5.69±0.03 km s −1 . The radial profiles i(r), PA(r) and ψ(r) in Fig. 2 show that PA and i are fairly constant, while ψ varies considerably with radius. The thermal uncertainties are very small, as given by the emcee package (Foreman-Mackey et al. 2013) using the error map of the Gaussian centroid velocity field. Instead the errors on the orientation are mostly systematic and connected to the simplifications in our averaging procedure, which is why we take statistics on the radial profiles.
The rotation curveṽ φ (r) for the global orientation i • , PA • , ψ • , shown in Fig. 3 , is readily comparable with Keplerian profiles (for now neglecting corrections due to hydrostatic support, e.g. Rosenfeld et al. 2012; Teague et al. 2018) . The deviations ofṽ φ (r) are particularly pronounced inside a radius of 0.3 , which could either reflect a pressure bump under the continuum ring at the edge of the cavity, or the dynamical interactions traced by the Doppler-flip. In the range within 0.4 to 0.6 , the best fit mass enclosed within 0.4 is M = 2.05 ± 0.01 M . The uncertainties in M are estimated using the error on the mean, which is smaller than the scatter plotted in Fig. 3 by a factor ∼ 1/ √ N b ∼ 1/10, where N b is the number of independent data points (i.e the number of clean beams along a fixed radius).
HD 97048 and HD 163296
Although the predicted channel-map wiggles in 12 CO have tentatively been identified in HD 163296 (Pinte et al. 2018b) , our analysis of these and finer angular resolution data shows that the concomitant Doppler-flip in the velocity centroid is not detected (based on the data in Isella et al. 2018 , see also their velocity centroid). In Fig. 4 , the scatter within a radius of 0.5 centered at the location of the putative protoplanet is 0.07 km s −1 , and a factor of ∼4 smaller when smoothing to ∼ 50 au scales (corresponding to the section of the planetary wakes, see Fig. 4 in Pinte et al. 2018b ). Thus any Doppler-flip at the predicted planet location is less than 0.05 km s −1 (at 3σ). We compute a systemic velocity of 5.79 ± 0.02 km s −1 , and the global orientation is We have also performed a similar analysis in HD 97048, using the 13 CO(3-2) data from program 2016.1.00826.S. Fig. 5 . Any Doppler-flip in this ringed system is drowned by the systematics which result in radial stripes, probably due to our neglect of the far-side (the 13 CO line is optically thinner than 12 CO). The systemic velocity is v s = 4.739 km s −1 , and the best fit orientation is i • = 38.4±0.01 deg, PA= 3.6±0.2 deg, In an effort to indirectly detect embedded protoplanets using their imprint on planet-disk interactions, we have designed a technique to subtract the axially symmetric flow, or rotation curve, from velocity centroid maps. Our goal was to pick-up protoplanets from the expected Doppler-flip along the spiral wakes. Applications require long-baseline and deep ALMA data. The case of HD 163296, where a protoplanet has previously been proposed based on disk kinematics, yielded a negative result. Any Doppler-flip in 12 CO at the predicted planet location is less than 0.05 km s −1 (at 3σ). Likewise in HD 97048, although these 13 CO data seemed more biased. However, an application to the 12 CO data in HD 100546 from paper I yielded a very conspicuous Doppler-flip, whose properties match the expectations for planet-disk interactions in morphology and sign. However, its coincidence with the continuum ring is suggestive of gaseous flows around dense dust concentrations, as around an air-foil. A more definitive interpretation of the HD 100546 flip requires 3D gas+dust hydrodynamic simulations of a migrating giant.
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